The lysozyme (LZM) gene provides a very useful model for to be differentially methylated in a development-specific manstudies of phagocyte maturation, because its protein synthesis ner. 9 The vital role of DNA methylation for normal maturation We have previously shown that demethylation at five CpG during phagocyte development.
Introduction during terminal maturation; partial demethylation within the 3′ region of the gene, however, has already occurred during Mechanisms underlying the coordinate regulation of gene earlier commitment steps and was noted to spread toward the expression throughout the differentiation of myeloid precursor 5′ region with myeloid maturation. 13, 16 Similarly, a lineageto peripheral blood phagocytes are not well understood.
1,2 In and expression-dependent demethylation of several CpG an effort to investigate the role of DNA methylation changes dinucleotides within the second intron of the gene for macroduring distinct commitment steps of early, intermediate and phage colony-stimulating factor (M-CSF) receptor/c-fms was terminal phagocytic maturation, the lysozyme (LZM) gene noted in monocytes and macrophages. 17 We wished to anaprovides an excellent system, because its gene product is one lyze further the role of methylation changes in this system by of the most abundant secretory proteins of monocytes and studying a major gene product of both types of phagocytic macrophages, accounting for 2.5% of total protein in these cells, ie lysozyme. cells. 3, 4 Granulocytes store but do not secrete LZM protein, and it is also synthesized in less mature myeloid cells, albeit at lower levels. The 15 kDa molecular weight human LZM protein is thus detectable at high concentrations in blood, Materials and methods tears and milk. It acts as a muramidase by hydrolyzing the linkage between N-acetylmuramic acid and N-acetyl-D-gluCells cosamine in the bacterial cell wall peptidoglycan layer 4 and has been considered to represent a primitive humoral immune After receiving informed consent, heparinized venous blood, system which preceded the cellular immune system during bone marrow or ascites samples were obtained from donors. evolution. The human LZM gene consists of four exons spanMononuclear cells were isolated by Ficoll-Hypaque density ning a 6 kb region on chromosome 12, 5 and the 3.5 kb separation, washed several times with phosphate-buffered upstream region has been functionally characterized for prosaline (PBS) and processed further. Monocytes (Mo) were moter activity. 6 removed from this fraction by performing adherence to plastic In vertebrate DNA, 60-80% of CpG dinucleotides are bioflasks for 2 h. The non-adherent, mononuclear fraction of norchemically modified at the five carbon position of cytosine. 7, 8 mal human bone marrow was composed of Ͼ85% cells of The distribution of methylated cytosines is clearly nonrandom, the myeloid lineage (ca 10% at the promyelocytic stage); the and may thus play a role as a carrier of epigenetic information mononuclear cell fraction of human peripheral blood con-(reviewed in Ref. 7). Human Alu sequences have been shown tained Ͼ90% lymphocytes, as determined by light microscopy of Wright-Giemsa-stained slide preparations. Granulocytes (PMN) from the blood of healthy donors were purified as
Cell lines
Dassel, Germany). Filters were baked for 2 h at 80°C and hybridized at 42°C for 16 h at conditions described previously. 16 Filters were rinsed at 65°C to a final stringency of KG-1 early myeloblastic cells and S-LB1 T lymphoid cells were kindly provided by Phillip Koeffler, Cedars-Sinai 0.1 × SSC and autoradiographed at −70°C using intensifying screens. 
In vitro transcription assay ('nuclear run-on')
were cultured in RPMI 1640 medium supplemented with 10% FCS at 37°C in a humidified atmosphere of 7% CO 2 in air.
Isolation and labeling of viable nuclei was performed as previously described 22, 23 with several modifications. Cells were For in vitro monocytic/macrophage differentiation of HL-60, U-937 and KG-1, cells were cultured in the presence of 10
washed at 4°C in PBS, nuclei were isolated through lysis of the cell membrane in ice-cold RSB (10 mM Tris pH 7. 19 Its linearized bated at 26°C for 20 min. DNA was digested by adding 10 l RNAse-free DNAseI (10 U/ml, Boehringer Mannheim) and plasmid pGBR2.4 (pGEM3 host plasmid backbone) was used for nuclear run-on studies. An empty linearized pBS 10 l CaCl 2 , 20 mM and further incubation at 26°C for 10 min. Elongation of nascent transcripts was stopped by adding 25 l BlueScript vector was used as negative control in nuclear runon experiments. An alpha-actin cDNA was used to check for 10 SET (5% SDS, 50 mM EDTA, 100 mM Tris pH 7.4) and 5 l proteinase K at 10 mg/ml (Boehringer Mannheim) in the presequal RNA balancing and integrity. 20 ence of yeast tRNA. Digestion reaction was incubated at 42°C for 30 min. RNA was extracted by phenol-chloroform, precipitated using 2.5 volume of ethanol for 1 h at −70°C. An aliquot
DNA methylation analysis by Southern blot
of the labeled RNA was checked for intactness on denaturing MOPS/agarose gel. For hybridization, equal amounts of lin-DNA was isolated from hematopoietic cells by the method of Chirgwin et al, 21 digested with proteinase K and further purearized plasmids (10 g) had been immobilized by slot-blot on Nytran filter membrane after denaturation in 0.5 N NaOH. ified by precipitations with isopropanol and 2.5 M ammonium acetate as described. 13 For methylation analyses by endonuLabeled RNA normalized to equal numbers of counts was denatured at 65°C for 5 min, chilled on ice for 5 min and clease restriction, the following measures were used to ensure completeness of DNA cleavage: DNAs were initially digested hybridized to cloned DNA for 3 days at 42°C in the presence of 50% formamide (BRL), 2 × SSC, 1% SDS, 5 × Denhardt's in a large reaction volume with a five-fold excess of HindIII for 16 h. Restrictions of HindIII-digested DNA with SmaI solution and 50 g/ml yeast tRNA (Sigma). Filters were washed in subsequent steps for 30 min each: at 55°C in the (Boehringer Mannheim, Mannheim, Germany) or XmaI (New England Biolabs, Beverley, MA, USA) were performed with presence of 2 × SSC only, at 37°C with 2 × SSC and 10 g/ml RNAse, finally at 55°C with 0.5 × SSC. Filters were exposed 10-fold and two-fold excess of enzyme, respectively (U enzyme/g DNA). After 6 h, more enzyme was added to a for 8 days at −70°C in the presence of an intensifying screen. Densitometry was performed as described above. final concentration of 20 and 4 U/g DNA, respectively, and digested for an additional 12 h. To sister reactions, 1 g of lambda DNA was added and completeness of digestion checked on agarose gel. Restricted DNA was size-fractionated Results on Tris-acetate agarose gels, transferred to nylon-based filter membrane (GeneScreen Plus; Dupont de Nemours, Wilming-
Regulation of lysozyme gene expression during myelopoiesis
ton, DE, USA) and analyzed by Southern blot technique as described. 13 Densitometry was performed on a Therados DCD-5 laser densitometer (Stockholm, Sweden); the areas Levels of LZM mRNA accumulation were determined in a panel of cells and cell lines representing a wide spectrum of under the curves obtained from two to three scannings were calculated and an average taken.
developmental stages of phagocytes and their precursor cells. Using Northern blot analysis, the expected 1.7 kb LZM transcript was readily detectable in early promyelocyte-like HL-60 and myelomonoblastic U-937 cells, and high levels in normal
RNA isolation and Northern blot analysis
human bone marrow cells, peripheral blood (PB) monocytes, PB granulocytes and peritoneal macrophages (Figure 1 , Total cellular RNA was extracted from leukemic cells and cell lines by the method of Chirgwin. 21 RNA was dissolved in TES Table 1 ). In contrast, LZM transcripts were undetectable in early myeloblastic KG-1 cells and in various non-myeloid (10 mM Tris 7.4, 1 mM EDTA, 0.1% SDS), electrophoresed on denaturing formaldehyde-agarose gels and transferred to cells (lectin-stimulated blood lymphocytes, Jurkat T lymphoid cell line, lung fibroblasts, HOS osteosarcoma cells; Table 1 ). nylon-based filter membrane (Nytran; Schleicher and Schuell, HL-60, U-937 and KG-1 cells were cultured for various time intervals in the presence of 12-O-tetradecanoylphorbol 13-acetate (TPA), a potent stimulator of protein kinase C 24 and a strong inducer of monocyte-like differentiation of these three cells. [25] [26] [27] After 12 h of TPA treatment, more than 50% of cells adhered to the plastic wall of the tissue culture flask and exhibited the decreased nuclear:cytoplasmic ratio typical of macrophage cells; after 3 days of TPA treatment, between 80 and 95% of all three cell lines exhibited these morphological features. A sharp downregulation of LZM-specific mRNA was observed in HL-60 cells after 24 h of exposure to TPA. Inhibition of new protein synthesis by cycloheximide did not alter LZM mRNA accumulation in either wild-type or TPA-treated HL-60 cells, suggesting that the observed downregulation is not mediated by short-lived proteins (Figure 1b) . Downregulation was shown to be mediated predominantly transcriptionally, as nuclear run-on assays with HL-60 cells treated with TPA for 24 h showed a seven-to eight-fold decrease in the rate of transcription (Figure 2) . A similar strong and rapid downregulation of LZM transcripts upon treatment with TPA was noted in U-937 cells; no induction of LZM transcripts by TPA was observed in early myeloblastic KG-1 cells (data not shown).
Variable methylation within the lysozyme (LZM) gene locus of LZM-expressing and non-expressing cells
DNA methylation patterns of the lysozyme gene were examined in various cell types and across an 11.3 kb region contained within a HindIII/HindIII fragment that encompasses the entire coding region of LZM as well as 5 kb of upstream flanking region containing the LZM gene promoter.
6 Selective methylation analyses were performed using an isoschizomer pair of methylation-sensitive and -insensitive restriction enzymes to detect four SmaI/XmaI restriction sites (Figure 3) . Each of these sites is part of one of the eight Alu repeats inserted in different orientations within and around this gene. 5, 19, 27 The spacing of three of these sites allows for mapping of restriction fragments by Southern blot analyses using a probe located near the 3′ end of the HindIII/HindIII fragment. For all DNAs analyzed, complete digestion with XmaI was carried out in order to confirm intactness of the 6 bp restriction site and rule out sequence polymorphisms as a cause of incomplete digestion by SmaI. Methylation at site 'S0' located within the Alu sequence approximately 1.5 kb upstream of the transcriptional start site is not quantifiable by this assay when predominantly site 'S1' is cleaved by SmaI. The degree of demethylation at either SmaI/XmaI site was derived from the relative intensity of the resulting bands and quantified by densitometry. was demethylated by 65% and greater than 85%, respectively
( Figure 4a ). The density ratio of bands was unchanged during XmaI enzymes, which were almost identical in all phagocytic cell types examined (Figure 4) . In NHBM, a mixed pattern was 
DNA from these cells revealed significant demethylation at
MCs, mononuclear cells; ND, not determinable (Ͼ50% cutting at restriction site 'S1' (Figure 5b ).
site 'S1' precludes quantitative restriction analysis 5′ of the site with the probe positioned 3′); PB, peripheral blood. Figure 4 , a high degree of variability of methylation was observed in the various cell types, ranging from Cellular differentiation of hematopoietic precursor cells to granulocytes and monocytic/macrophage cells is probably complete methylation at each of the four restriction sites (presence only of the 11.3 kb HindIII fragment), to loss of all controlled on multiple levels. Several transcription factors specifically involved in myeloid maturation have been higher molecular weight bands and presence of only the 5.0 kb and 0.8 kb bands, indicating complete demethylation identified; 28-30 the conformation of chromatin and its accessibility to DNA-binding proteins may also be of importance in at SmaI sites 1-3. Methylation at these sites was noted in normal human lymphocytes (Figure 4a ). In contrast, early myethis process. 13, [31] [32] [33] [34] The exact role of cytosine methylation and its changes during myelopoiesis, however, is still unclear. loblastic KG-1 cells (LZM non-expressor) exhibited approximately 10% demethylation solely at the SmaI site 'S1'
Discussion

As shown in
We and others have been examining the tissue-and development-dependent dynamics of DNA methylation and (Figure 4b , indicated by the faint presence of a single 6.9 kb band). This site is contained within the Alu repeat located chromatin structure within the myeloperoxidase (MPO) gene locus. 13, 16, [33] [34] [35] The human MPO gene is highly expressed in approximately 700 bp upstream of the major transcriptional start site ('Alu 5′a' according to Ref. 27 ). This pattern was promyelocytic and late myeloblastic cells. 14 It undergoes several biochemical demodifications, which result in a spreading highly reproducible and stable during monocytic differentiation of KG-1 cells after exposure to TPA for 3 days. Conof demethylation from the 3′ to 5′ direction when comparing cells of different maturation stages. Thus, complete demethylversely, in U-937 and HL-60 LZM expressor cell lines (both expressing low to moderate amounts of LZM mRNA), this site ation of five CpG dinucleotides is present in normal and leu-
Figure 3
Map of the lysozyme gene and schematized mapping strategy for modulated methylation sites. The map plot was derived from the known genomic organization.
5, 27 The vertical black bars indicate exons and are numbered in order of transcription. The broken line indicates a portion of the gene where no sequence information was available. Horizontal bars indicate different restriction fragments generated by cleavage at the different restriction sites. S0-S3 indicate the SmaI/XmaI restriction sites present in the sequenced LZM gene (each is part of an Alu repeat). 27 kemic promyelocytes, this state is maintained in more mature allel those noted for the MPO gene; however, complete demethylation of the LZM gene is attained at a much later stage of myeloid cells, in which however the MPO gene is not actively transcribed. 13, 16, 35 differentiation, reflecting, as one could speculate, the later point of highest LZM mRNA expression. The tight association Felgner et al 17, 36 determined lineage-and expressionspecific methylation of the macrophage colony-stimulating between demethylation of SmaI restriction site 'S1' and LZM expression is also present in primary leukemic cells from factor (M-CSF) receptor gene, c-fms. Cell-specific differences in DNA modification within intron 2 of this gene were noted, patients with AML.
37
The observed fixed ratio of methylated and demethylated with several CpG residues consistently demethylated in monocytes (c-fms expressing), and to a higher degree in tissue alleles of a given cytosine nucleotide could be interpreted according to the model of Szyf 38 proposing that the degree of macrophages. In contrast, these CpG sites were methylated in c-fms non-expressing peripheral blood granulocytes and lymmethylation at a given sequence is determined stochastically by (1) chromatin accessibility to methyltransferase and DNAphocytes. 17 In the present study, we examined whether DNA methylbinding proteins; (2) regional changes of the LZM gene towards demethylation par-protein-DNA interactions mediating progressive LZM demethylation. The SmaI site and surrounding repetitive element inserted in the 5′ to 3′ orientation approximately 700 bp upstream of the lysozyme transcriptional start site appears of particular interest in this regard. Thus far, there are no stable genotypic indicators of myeloid maturational stages in normal precursors and myeloid leukemias that extend the information yielded by morphologic, cytochemical, and immunological diagnostic tools. The methylation status of LZM, MPO, c-fms and possibly other myeloid-specific genes, as well as the M-bcr gene may thus provide lineage-specific molecular markers of hematopoietic differentiation. [48] [49] [50] In addition, it has recently become clear that cancer-associated hypermethylation resulting in silencing of expression is detectable in the promoter region of tumor suppressor genes. 51 In summary, methylation analyses might prove useful in treatment monitoring of myeloid malignancies; this appears of particular relevance when drugs with known methyltransferase-inhibiting activity such as 2′-desoxy-5-azacytidine and 5-azacytidine are administered. ifer, Dept of Biology, University of Freiburg for critical reading of the manuscript, and acknowledge the technical efforts of J methylation changes in the cell lines studied. However, func-Rö mmelt and R Ruszynski. tional evidence for an important regulatory role of methylation changes within the murine LZM gene during myeloid differentiation stems from work by Klages et al. 39 They demonstrated References the presence of a single HpaII restriction site in the 3′ flanking region, overlapping an enhancer element, at which demethyl-
